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The perovskite oxynitride LaTiO2N is a promising material for photocatalytic water splitting
under visible light. One of the obstacles towards higher efficiencies of this and similar materials
stems from charge-carrier recombination, which could be suppressed by the built-in electric field in
polar materials. In this study, we investigate the spontaneous polarization in epitaxially strained
LaTiO2N thin films via density functional theory calculations. The effect of epitaxial strain on the
anion order, resulting out-of-plane polarization, energy barriers for polarization reversal and the
corresponding coercive fields are studied. We find that for compressive strains larger than 4% the
thermodynamically stable anion order is polar along the out-of-plane direction and has a coercive
field comparable to other switchable ferroelectrics. Our results show that strained LaTiO2N could
indeed suppress carrier recombination and lead to enhanced photocatalytic activities.
Complex oxides, for example in the perovskite struc-
ture, represent a promising class of materials for photo-
catalytic water-splitting electrodes. Compared to binary
oxides, such as the prototypical TiO2 [1], their chemi-
cal and structural flexibility allows tuning the electronic
band structure to decrease the band gap and hence ex-
tend light absorption from the ultraviolet to the visible
part of the solar spectrum. A further reduction of the
band gap results from partial substitution of oxygen ions
with less electronegative nitrogen ions in so-called per-
ovskite oxynitrides [2–6]. Due to the higher-lying N 2p
states forming the valence-band edge, these materials can
have band gaps just above 2 eV [7], resulting in a good
visible-light photo-absorption efficiency, unfortunately at
the cost of a slightly reduced chemical stability [8].
One source for low photocatalytic efficiencies, not re-
stricted to oxynitrides, is the recombination of photo-
induced electron-hole pairs before reaching reactive sur-
face sites [9]. It was previously shown that the internal
dipolar field in polar materials creates charged surfaces,
which enhance charge-carrier separation, as electrons and
holes migrate in opposite directions [10, 11]. In ferro-
electric materials, switching of the polarization direction
by an applied electric field binds and releases molecules
from the surface, turning reaction pathways on and off
to enable a new level of control in heterogenous cataly-
sis [12, 13]. Most importantly, this switching could offer
a way to go beyond the Sabatier principle, which states
that the tradeoff between strong reactant adsorption and
facile product desorption limits the overall performance
of a catalyst. Cyclic switching could enable strong prod-
uct adsorption in one polarization state while products
are released easily in the oppositely poled state [14].
Epitaxial strain is an established way to trigger or
enhance spontaneous polarization in complex perovskite
oxides [15, 16]. This can be understood in the second-
order Jahn-Teller picture [17, 18], where the existence of
a polar instability is determined by a competition be-
tween second-order coulombic and covalent energy con-
tributions in an expansion of the total energy as a func-
FIG. 1: (a) Side and (b) top view of the
thermodynamically most stable unstrained LaTiO2N
structure with cis-anion order [20]. Color code:
La=green,Ti=blue,O=red,N=grey.
tion of the distortion amplitude. The former term in-
creases the total energy, thus favoring the centrosymmet-
ric structure, while the latter reduces the total energy
and may lead to symmetry breaking and appearance of
polarity. Elongation of a crystal, e.g. by epitaxial strain,
increases interatomic distances along the elongated di-
rection, which reduces the coulomb repulsion and once
the covalent term starts to dominate leads to a sponta-
neous polar distortion along the elongated direction [19].
With epitaxial strain, an elongation occurs either biaxi-
ally in-plane for tensile or uniaxially out-of-plane for com-
pressive strain leading to polarity along the out-of-plane
direction for compressive strain and along the in-plane
directions for tensile strain.
Compared to pure oxides, strain effects are more com-
plex in oxynitrides as not only the cell shape and ion
positions but also the anion order is affected. Most bulk
oxynitrides do not show long-range anion order, while lo-
cally a cis coordination, which maximizes the overlap of
nitrogen 2p and transition metal d orbitals, is often pre-
ferred [21–24]. Epitaxial strain induced during growth by
pulsed layer deposition (PLD) or molecular beam epitaxy
(MBE) can however alter the anion order. Due to rapid
surface diffusion at typical substrate temperatures, ni-
2FIG. 2: Schematic representation of the two
energetically most stable O/N orders: (a) cis - N-Ti-N
chains form a 2D network with 90°angles, (b) ‖-trans -
180°N-Ti-N chains parallel to each other. These orders
may be oriented along all three Cartesian directions.
Color code: Ti=blue, O=red, N=grey.
trogen and oxygen anions will preferentially occupy sites
that are energetically favoured by the imposed epitaxial
strain. Indeed, under compressive epitaxial strain nitro-
gen rather than oxygen tends to occupy sites along the
out-of-plane direction in Ca1-xSrxTaO2N [25, 26]. Other
perovskite oxynitrides such as YSiO2N and YGeO2N also
have this trans-type order and are polar [27].
To asses the prospect of epitaxial strain to enhance
the photocatalytic activity of oxynitrides, we investigate
in this letter, using density functional theory (DFT) cal-
culations, the strain-dependent thermodynamic stability
and spontaneous polarization of different anion orders in
the well-studied perovskite oxynitride LaTiO2N shown
in Fig. 1. DFT was shown to reliably predict low en-
ergy phase transitions such as the anion order in strained
oxynitrides [26] or changes in polarization under homoge-
neous and biaxial strain [28, 29]. Our DFT calculations
are performed at the PBE+U level of theory [30, 31] using
the Quantum ESPRESSO package [32]. Further compu-
tational details can be found in the supplemental material
[33]. We start from the cis-ordered structure [20] shown
in Fig. 1, which has space group P1, a-b+c- octahedral
rotations in Glazer notation [34] and, in line with other
experimental and theoretical studies [35–37], is thermo-
dynamically stable in the unstrained bulk phase.
In the present work we compare eight different 2D an-
ion orders. 3D anion arrangements were not considered
as epitaxial strain will lead to structural anisotropy that
favors arrangements of N-Ti-N bonds in a given plane or
direction. These eight anion orders can be oriented along
three directions each and epitaxial strain was applied in
the three {001} planes, resulting in five structures per an-
ion order after considering symmetries (see supplemental
material [33] for details). For all anion arrangements, we
relaxed the out-of-plane lattice parameter and all internal
coordinates for epitaxial strains between -5% and +5%.
Γ-point phonons were computed to monitor the appear-
ance of structural instabilities and displace the structures
along unstable normal modes.
We found the two anion arrangements schematically
shown in Fig. 2 to be energetically favorable through-
out the whole range of strain (see supplemental material
[33] for the remaining anion orders). In the cis order
(Fig. 2a), which is stable in the unstrained bulk, chains
of N-Ti-N bonds contain 90°angles, whereas in the ‖-trans
order (Fig. 2b) they form linear chains. To distinguish
between these anion orders under strain, we introduce
the following notation: abs, where a denotes the anion or-
der (cis/‖-trans), b the direction/plane along/in which
the N-Ti-N bonds are aligned and s the strain plane. For
example cisbcac refers to an anion order as shown in Fig.
2a, where N-Ti-N chains run in b and c direction with
epitaxial strain applied along a and c.
In Fig. 3a we show the computed total energies as a
function of the imposed in-plane lattice parameter for the
two energetically relevant anion orders. The cis-ordered
structures are low in energy for the whole investigated
range of strain, whereas the trans-ordered structures are
higher in energy at moderate strains. At the equilibrium
lattice parameter, the energy difference between the cis
and the trans order is around 0.2 eV per formula unit,
which implies that the cis order is favored even up to
very high temperatures. Differently oriented cis orders
however have similar energies, in agreement with the ex-
perimentally observed absence of long-range order.
The experimentally observed bulk structure with N-
Ti-N bonds along a and c (cisac) is thermodynamically
stable for strains from -4% to +2%, being applied either
along ac (cisacac, see Fig. 3d) or bc (cisacbc , see Fig. 3c).
For tensile strains larger than 2%, cisbcbc, for which the N-
Ti-N bonds lie along the elongated directions, becomes
energetically more stable (see Fig. 3e).
Out of the five structures with a ‖-trans anion order,
the two structures with a lower energy under compressive
strain have N-Ti-N bonds along the out-of-plane direction
(‖-transbac and ‖-transabc), whereas the three structures
that show higher energies under compressive strain have
the N-Ti-N bonds along one of the in-plane directions (‖-
transaac, ‖-transcbc and ‖-transbbc). For compressive strain
larger than 4% ‖-transabc (see Fig. 3b) with N-Ti-N bonds
in the out-of-plane direction becomes energetically more
stable than any of the cis-type orders.
These observations can be explained by the larger ionic
radius of N compared to O [38], which favors Ti-N bonds
along elongated directions [39]. While this preferential
alignment is possible for the cis anion order under tensile
strain, compressive strain favors trans orders with N-Ti-
N bonds along the out-of-plane direction.
Having established the anion order as a function of
strain, we now turn to the polar properties of the ther-
modynamically stable structures. For charge carrier sep-
aration, only structures with a net polarization in the
3FIG. 3: (a) Total energy as a function of the in-plane lattice parameter. The black and green strain axes at the top
refer to the bc and ac area of the relaxed bulk structure respectively. Thermodynamically stable structures in the
different strain regimes: (b) ‖-transabc, stable for compressive strainsbc smaller than 4%; (c) cisacbc , stable between -4
and 0% strainbc; (d) cisacac, stable between 0 and 2% strainac; (e) cisbcbc, stable for more than 3% tensile strainbc.
out-of-plane direction are technologically relevant as for
in-plane polarization, carriers will have a tendency to re-
combine at domain walls. To reduce the computational
cost of an initial screening of the polarization ~p, we use
a point-charge model with nominal ionic charges:
~p =
∑
i
~xiqi, (1)
where ~xi is the position of atom i and qi its nominal
charge (La=+4, Ti=+3, O=-2, N=-3). The polarization
is a multivalued quantity - depending on the choice of
unit cell and basis - that has to be corrected by an integer
number of polarization quanta ~Q:
~Q =
e
V
ab
c
 , (2)
where e is the elementary charge, V the volume of the
unit cell and a, b and c are the lengths of the primi-
tive basis vectors. The number of polarization quanta
to be added/subtracted was determined relative to the
non-polar transition state between the two polarization
directions obtained using climbing-image nudged-elastic
band calculations (see supplemental material [33] for de-
tails).
As shown in Fig. 4 we find, if allowed by symmetry, an
increased polarization for directions elongated by strain,
FIG. 4: Out-of-plane polarization as a function of the
in-plane lattice parameter for the four stable structures.
The black and green strain axes at the top refer to the
bc and ac area of the relaxed bulk structure respectively.
which agrees with the second-order Jahn-Teller picture.
The structures ‖-transabc and cisacac show a polarization
in the out-of-plane direction without any polarization in
the in-plane directions (in-plane components of the po-
larization are shown in the supplemental material [33]).
4The cisbcbc structure also has a polarization in the out-of-
plane direction, however combined with a high polariza-
tion along the two in-plane directions, which likely results
in a smaller efficiency in suppressing electron-hole recom-
bination. cisacbc finally does not show any out-of-plane
polarization, while one of the technologically less inter-
esting in-plane directions increases in polarity for tensile
strains.
In the energetically most favorable structures for large
compressive and tensile strain we see that the polar di-
rections contain Ti-N bonds. To assess if the anion order
generally causes polarity, we compared the orientation
and length of Ti-N bonds with the polarization directions
also in the higher energy structures and across the whole
strain range. We however do not find general trends as
for example the cisacac structure develops out-of-plane po-
larity without any Ti-N bonds along that direction while
the cisacbc structure has no out-of-plane polarity despite
having Ti-N bonds along that direction. We hence con-
clude that the alignment of Ti-N bonds and polarity at
high strains is not causal but only a correlation due to
the preference of both Ti-N bonds and polarity to be
oriented along elongated directions.
It is known that strain can promote the formation of
anion and cation defects [40–42] and that defect-induced
excess charge can suppress ferroelectricity [43]. We how-
ever show in the supporting information Fig. S3 that the
defect concentrations required to render compressively
strained LaTiO2N paraelectric, are very unlikely to be
reached under normal experimental conditions.
Based on the above initial screening of the polarization
in different anion orders, we perform Berry-phase calcula-
tions of the polarization for the ‖-transabc structure at 5%
compressive strain and the cisacac structure at 1% tensile
strain, both having a non-zero polarization only in the
out-of-plane direction. These calculations yield polariza-
tions of 0.59 C/m2 and 0.13 C/m2 respectively, showing
that the electronic contribution captured in these calcu-
lations increases the polarization roughly a factor two
compared to the point-charge model.
We estimate the coercive field required for switching
the polarization using the following equation:
c =
(4/3)(3/2)E
P · V , (3)
where E is the switching barrier per formula unit, P the
polarization at the bottom of the double well potential
normalized per area perpendicular to the polarization di-
rection and V the volume per formula unit [44, 45].
We evaluate the energy barrier between the two
minimum-energy states of the double well via nudged
elastic band calculations and find 0.065 eV and 0.23 eV
for ‖-transabc (see Fig. 5) and cisacac respectively. Using
equation 3 and the Berry-phase polarizations we obtain
coercive fields of 228 MV/m and 3476 MV/m per for-
mula unit for ‖-transabc and cisacac respectively. These
FIG. 5: Polarization switching energy profile of
‖-transabc at 5% compressive strain.
results should however not be directly compared with
experimentally measured coercive fields as the theoreti-
cal field correspond to the disappearance of the minority
domain, whereas experimentally one measures the field
at which domain walls become unpinned. Fields calcu-
lated with this procedure are therefore likely to be sig-
nificantly higher than experimental measurements. How-
ever, the calculated value for ‖-transabc at -5% strain is of
the same order as other computationally obtained values
for well-known switchable ferroelectrics such as PbTiO3
[45]. Based on this comparison, we assume that LaTiO2N
films at compressive strains larger than 4% should also
be switchable with fields comparable to those of conven-
tional ferroelectrics.
In summary, we have shown that for compressive epi-
taxial strain larger than 4% LaTiO2N adopts a trans-
type anion order, which has spontaneous out-of-plane
polarization. The computed theoretical coercive field of
228 MV/m is in the same range as computations for other
well-known switchable ferroelectrics such as PbTiO3. We
therefore expect that switching the polarization in com-
pressively strained LaTiO2N films should be possible
with reasonable electric fields. Our findings highlight
the possibility to engineer ferroelectricity in materials
that already possess an electronic structure suitable for
visible-light photocatalysis. Ferroelectric photocatalyst
will enhance charge-carrier separation and could, when
switched, enable alternative reaction pathways for water
oxidation that no longer obey Sabatier’s principle.
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